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Abstract 
A 100-kWth receiver-reactor designed for the thermal dissociation of ZnO into metallic Zn is separated from atmosphere by use 
of a transparent quartz window, through which concentrated solar radiation is admitted. Protection of such windows from 
reactant and product particle deposition is critical for successful reactor operation. Using in-situ visualization techniques, the 
effectiveness of an auxiliary flow of inert gas in aerodynamically protecting a 600-mm-diameter quartz window mounted on the 
receiver-reactor has been directly assessed during high-temperature experimentation. This work has shown that: (i) high-
temperature, in-situ flow visualization is possible and effective in assessing flow patterns developed inside the reactor; (ii) there 
exist three characteristic flow patterns inside the reactor that can be dynamically controlled by use of a set of tangential and 
radially oriented jets; and (iii) a region of stable protective flow, under a wide range of experimental and operational conditions, 
is capable of repeatedly and fully suppressing detrimental particle depositions on the quartz window. 
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1. Introduction 
Synthetic fuels can be produced on large scale by utilizing concentrated solar power combined with 
thermochemical H2O and CO2 splitting techniques [1]. A reactor designed for the solar thermal dissociation of ZnO 
into metallic Zn as the first step in a closed thermochemical cycle to produce hydrogen or syngas at temperatures  
exceeding 1750°C has been designed, constructed, modeled and successfully tested [2] at the Paul Scherrer Institute 
(PSI), in collaboration with ETH Zurich. Solar-produced Zn can be further processed via exothermic H2O and CO2 
splitting cycles, returning the ZnO reactant to the first step. The products H2 and CO are available for direct power 
production via a PEM fuel cell or combustion engine, or as precursors to a Fischer-Tropsch cycle for synthetic 
liquid hydrocarbon fuel production. A thermodynamic analysis of the above described process indicates that the 
solar-to-fuel energy conversion efficiency can exceed 30% [3]. 
Very commonly, thermochemical receiver-reactors directly utilizing concentrated solar radiation require a 
transparent quartz window in order to separate atmospheric air (most crucially O2) from the reducing environment 
inside the reactor. Such reactors, whether designed for methane reforming or reduction of ZnO, face the challenge of 
maintaining a clean and transparent window during operation, as reactant and product particle deposition on the 
window severely attenuates the transmission of solar radiation into the reactor cavity. A widely utilized approach to 
simultaneously remove products, maintain stable (non-turbulent) flow inside the reactor, and protect the reactor 
window from particle deposition is the generation of a vortex flow that originates near the reactor window and 
proceeds to the reactor outlet. This is typically achieved by combining tangentially and radially oriented jets of inert 
gas. The use of a vortex flow to aerodynamically protect a solar reactor window was first proposed by the 
Weizmann Institute of Science [4], and has since been studied and used extensively in various solar thermochemical 
applications [5–7]. 
While CFD models allow for valuable investigations under specifically refined and constrained conditions, 
capturing the complex physical environment of a particle-laden, rotating flow inside non-simple reactor geometries 
subjected to concentrated solar radiation and chemical reaction remains a challenge. The use of traditional flow-
visualization techniques, such as particle image velocimetry (PIV), while capable of capturing the dynamic flow 
patterns developed inside complex reactor configurations, are not suitable for application to a high temperature 
environment. Previous flow visualization work at room temperature has been useful in identifying the mechanism by 
which a swirling flow, and the various stages of vortex breakdown that ensue, can be used to aerodynamically 
protect reactor windows in geometries defined by a frustum region expanding into a reaction cavity [5]. Further, 
CFD work has been beneficial in confirming that it is possible to fully suppress particle migration to the reactor 
window [6,7]. However, neither low temperature flow visualization nor computational work has led to conclusions 
immediately applicable to the high temperature, on-sun reaction environment, as problems with reactor window 
contamination are consistently encountered in practice. Fig. 1(A) depicts a quartz window heavily contaminated 
with Zn and ZnO depositions. In Fig. 1(B) the reactor aperture can be seen at the interface between the frustum and 
cavity of the reactor. The radial and tangential jets are also highlighted in Fig. 1(B). 
In the present work, a novel high-temperature flow-visualization and window-contamination-assessment 
technique has been developed and applied in-situ to the solar thermochemical reactor environment. The flow 
visualization technique utilizes an optically filtered, high-resolution visual camera to directly image developing flow 
patterns in the frustum region of the solar reactor near the window. Particles originating from the reaction cavity are 
entrained in the vortex flow and directly illuminated by the incoming concentrated solar radiation, allowing for high 
definition characterization of the flow. The method is applied to PSI’s 100-kWth scale-up solar reactor, designed to 
dissociate ZnO into metallic Zn at temperatures above 1750°C. In this work, the reactor is mounted at PSI’s High-
Flux Solar Simulator (HFSS) [8], where approximately 40 kW of thermal radiative power can be delivered to the 
reactor, achieving cavity temperatures above 1300°C. A series of radial and tangential jets located near the window 
plane are independently controlled to produce a protective, swirling flow of inert gas, while a series of tangential jets 
mounted in the cavity add further rotational momentum to the flow. Using this technique, characteristic flow 
patterns for the 100-kWth receiver-reactor environment have been identified, as well as operating conditions which 
completely protect the reactor window. Further, using infrared (IR) imaging of the reactor window, characteristic 
particle-deposition patterns have been detected, which further aid in vortex flow characterization. 
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Fig. 1. A severely contaminated quartz window (A). Zn and ZnO deposition areas are indicated. With the reactor window dismounted, the 
aperture, frustum, and radial and tangential jets can be seen (B). 
 
2. Experimental setup 
The 100-kWth solar thermochemical receiver-reactor was mounted at PSI’s HFSS atop a large, fixed steel frame 
and aligned with the focal axis of the light-cone produced by the solar simulator. A carriage-assembly harnessing the 
reactor was equipped with wheels, allowing the reactor to roll in and out of the focal plane, while maintaining 
alignment with the solar simulator focal axis. The HFSS was operated at maximum power (~120 kWel) for 10-15 
hours during a typical experiment. A high-resolution visual CMOS camera (Nikon D5200, equipped with a AF-S 
18-105 mm lens, ND3 filter, and an adjustable polarizing filter fixed to 70%) was mounted such that the front 
frustum section of the reactor could be visualized, and an IR camera (Hotfind-LXT, SDS® Infrared, temperature 
range -20°C–1500°C, FPA microbolometer, accuracy +/- 2%, resolution 384x288 pixels) was mounted such that the 
entire quartz window could be seen. Solar simulator operation, data acquisition, and gas flows were controlled 
online via computer interface from the control room located to the side of the experimental setup. Further details on 
the solar thermochemical reactor, HFSS setup, and experimental parameters will be discussed below. 
2.1. 100-kWth solar thermochemical reactor 
Relevant details of the 100-kWth receiver-reactor will be summarized below; a complete description of the reactor 
can be found in [2]. The receiver-reactor is designed to operate at a nominal thermal power input of 100 kW, 
provided by concentrated solar radiation that is horizontally incident, and effect the thermochemical dissociation of 
ZnO. The reactor, shown in Fig. 2, is closed from atmosphere by a transparent quartz window, through which 
concentrated solar radiation enters. From the window diameter, the frustum of the reactor converges to the aperture, 
which then connects to the reaction cavity. The reactor can operate semi-continuously while solar radiation is 
available to provide high-temperature process heat. ZnO powder is fed into the cavity using a screw-feeding 
apparatus that enters the cavity through its rear exit while the entire reactor rotates relative to the feeder; ZnO 
powder is dispersed evenly on the reaction surface during a single feed-cycle. As the reaction proceeds, Zn vapor 
evolves from the reaction surface and is swept by an auxiliary flow of Ar into the quench device where the stream is 
rapidly cooled and the Zn vapor is condensed. Solid Zn particles are then filtered from the flow downstream. Figure 
2 depicts a perspective three-quarter section view of the reactor where the view angles of the IR and visual cameras 
are shown, along with a cross section view where relevant reactor components are indicated. The reactor window 
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consists of a 12-mm-thick quartz disk (TCS-3, Heraeus Quarzglas, Germany) 600 mm in diameter. Critical areas of 
the reactor are water-cooled in order to maintain material stability during operation, including: the screw feeder, 
quench unit, quartz window mount, and frustum. The reactor shell is made of aluminum, housing a porous ceramic 
insulation followed by a layer of Al2O3 bricks whose interior surface defines the reaction cavity. Typically, a 10 mm 
thick layer of sintered ZnO coats the entire cavity surface. 
 
 
Fig. 2. Perspective three-quarter and cross section views of the solar receiver-reactor. View angles of the visual and IR cameras are indicated, and 
relevant features of the reactor are labeled. 
2.2. High-Flux Solar Simulator 
Relevant details of PSI’s HFSS and its relationship to the experimental setup will be summarized below; a 
complete description of the HFSS can be found in [8]. The HFSS is comprised of 10 Xe-arc lamps, each rated at a 
nominal electric power of 15 kW. The lamps are equipped with truncated ellipsoidal reflectors, each aligned such 
that their second focal points (the arc is located on the first focal point) are coincident, creating a light cone with a 
vertical and horizontal convergence angle of 54° and 82°, respectively. Figure 3 depicts a side view of the array of 
lamps, along with the position of the solar reactor. The focal height of the light cone is 2.54 m, which is aligned with 
the centerline of the reactor. The aperture of the reactor is aligned with the focal plane of the lamps in order to 
intercept maximum incident radiation. A plot of radiative intensity versus distance across the focal plane, acquired 
by imaging the light intensity on a water-cooled Lambertian target placed in the focal plane, can be seen in Fig. 3(A). 
Figure 3(B) depicts the flux map (the superimposed circle represents the aperture area) indicating solar radiation that 
is admitted into the cavity. In this case, 46.8 kW of thermal radiative power is delivered to the reactor cavity, and it 
is clear that as the reactor’s aperture is 190 mm in diameter, nearly all of the radiative power provided by the HFSS 
is accepted into the reactor cavity. 
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2.3. Experimental setup details 
In order to generate a rotating flow capable of protecting the quartz window from particle deposition, a set of 
tangential and radial jets are installed just next to the window plane in the frustum region of the reactor. A set of 24 
tangential jets are installed circumferentially in the frustum, at a distance of 17 mm from the plane of the window. 
The tangential jet inner and outer diameter is 10 mm and 7 mm, respectively, and the nozzles are bent, rotated and 
installed such that their tangential and axial components are 64° and 10°, respectively. The nozzles are made of 
copper, and coated with Al2O3 spray paint to decrease their solar absorptance and protect them against high-flux 
radiation spillage. A set of 24 radial nozzles are installed circumferentially at a distance of 14 mm from the plane of 
the window; the nozzles and are comprised of brass with an outer and inner diameter of 10 mm and 8 mm, 
respectively. The window diameter exposed to incident solar radiation is 520 mm. The distance between the window 
plane and the aperture is 156 mm. The water-cooled frustum has an angle of 45° and is constructed of copper, coated 
with a layer of Al2O3. To minimize the background radiation of the hot cavity from the image of the visual camera, 
the camera is installed at an angle such that the cavity is just out of view. This angle, ߠ௩௜௦ = 27°, results in a 
reduction in visual depth of 30% along the centreline of the reactor, relative to the total distance between the 
window and aperture (156 mm). The IR camera is not affected by background radiation from the cavity because of 
the high absorptance of quartz glass to thermal radiation emitted below 1800°C. Thus, the camera is mounted 
parallel to the visual camera pointing at the center of the window. 
Fig. 3. HFSS lamp orientation and relative position to receiver-reactor. The light-cone’s vertical angle is shown as 54°, while the horizontal cone-
angle (not shown) is 82°. A flux profile acquired from imaging of a Lambertian target aligned in the focal plane is also shown (A), along with a 
flux image indicating the integrated power inside the aperture area of the reactor (B). 
Inside the reaction cavity, six nozzles composed of high-purity, fully-sintered Al2O3 are mounted at a distance of 
345 mm from the window plane. The nozzles are installed with a 45° tangential component, and at a distance of 10 
mm above the layer of sintered ZnO inside the reaction cavity. Injection of Ar through the cavity nozzles serves two 
purposes: (i) reduction of O2 partial pressure at the reaction interface to enhance reaction kinetics [9], and (ii) 
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tangential orientation of the gas injection adds rotational momentum to the flow of auxiliary gases originating in the 
frustum region, leading to increased flow stability. All reaction products and gases exit together at the rear of the 
reactor, where two 3-kWel, side-channel blowers maintain a gauge pressure of 2 mbar in the cavity. 
Auxiliary gas flows of Ar are delivered to the radial, tangential, and cavity jet lines via three mass flow 
controllers (MFC), with ranges 0-200 Ln/min, 0-200 Ln/min, and 0-500 Ln/min, respectively. As a flow-visualisation 
aid, high purity CO (99.997% CO) is connected to a pulsing valve such that 0-2000 ms pulses of CO pressurized at 
7.5 bar can be injected in-line with the Ar flowing through the cavity nozzles. 
3. Methodology 
During an experiment, product Zn vapor and small aerosolized ZnO particles become entrained in the auxiliary 
inert gas flows of the reactor. Under various fluid dynamic conditions controlled by varying the radial, tangential 
and cavity auxiliary flows of Ar, this particle laden flow can be driven into the frustum region of the reactor and 
towards the quartz window. As particles move into the frustum, they are directly illuminated by highly concentrated 
simulated solar radiation (as detailed in Section 2.2). These particles can then be directly visualized in-situ using a 
high-resolution, filtered CMOS digital camera. Images were taken with the camera set at a shutter speed of 1/1.6 s 
and aperture of f/5.6. Figure 4 depicts four images taken with the visual camera, where two types of useful visual 
data can be extracted: (i) direct identification of the flow pattern by means of visualizing the particles entrained in 
the gas, and (ii) assessment of the depositions developed on the quartz window while they are occurring. 
Additionally, an IR camera can assist in evaluating the depositions on the quartz window. 
 
Fig. 4. Images taken from the frustum region of the reactor using the visual camera: (A) A turbulent flow pattern is developed in the reactor, 
following by increased rotation which flushes out particles and stabilizes the flow (B). Particle migration to the window is completely suppressed 
(C), and with even further increased rotation, an updraft is formed and attached to the center of the window (D). 
Images taken with the visual camera enabled accurate determination of the flow patterns inside the frustum 
region of the reactor. In Fig. 4(A) a highly turbulent flow is visible. In Fig. 4(B) and 4(C) the flow is stabilized and 
particles are removed from the frustum region. Figure 4(D) depicts an updraft of particles (similar to a tornado) that 
is in contact with the center of the window. The white spot in the center of all four images was formed by such an 
updraft of particles connected to the center of the window for a prolonged period of time. Images such as these were 
used to develop a metric to quantify the extent to which particles were in dangerous proximity of the window, thus 
increasing the likelihood of deposition on the window’s surface. The so-called severity scale was introduced as a 
1786   E. Koepf et al. /  Energy Procedia  69 ( 2015 )  1780 – 1789 
range between 0 and 4, with 0 representing no particles imaged in the frustum region of the reactor, and 4 
representing a complete coverage of particles contacting the entirety of the window’s inner surface. During 
experiments, the severity scale was used to quantify the developed flow pattern over a wide range of total auxiliary 
flow rates (ܳ௧௔௡: 0-200 Ln/min; ܳ௥௔ௗ : 0-200 Ln/min; ܳ௖௔௩: 0-450 Ln/min). 
As outlined in the introduction, the reactor is designed to effect the thermal dissociation of ZnO at temperatures 
above 1750°C. With the power available from the HFSS, temperatures of 1350°C were achievable in the cavity after 
8-10 hours of heating. To produce Zn in the reaction cavity at lower temperature, pulses of pure CO gas (0-2000 ms 
pulse, pressurized at 7.5 bar) were co-injected into the auxiliary cavity flow of Ar. The carbothermal reduction of 
ZnO into Zn, CO and CO2 proceeds at temperatures above 1100°C. During experiments, short pulses of CO were 
used to seed the auxiliary flows with Zn in order to more effectively in-situ visualize the transport of product vapors 
by the auxiliary flows. 
4. Results 
4.1. Flow visualization and characterization 
Severity of the threat to window contamination was assessed over a wide range of tangential, radial, and cavity 
flow rates. The influence of tangential flow rate on flow stability was found to be the most critical flow parameter. 
With insufficient rotational momentum imparted to the rotating flow by the tangential jets, turbulence would 
develop quickly in the frustum region of the reactor and immediately contaminate the quartz window. A contour plot 
of flow severity versus radial and tangential flow rates is presented in Fig. 5 for a fixed cavity flow rate of 400 
Ln/min. The sharp transition from a deposition-free operating area (indicated by a severity of less than 2) to a 
condition of turbulent window deposition was found to be characteristic of the experimental setup. On the other 
hand, with increasing tangential flow rates, a stable but undesirable rotational flow pattern arises in the frustum 
region of the reactor. As a vortex flow is developed, originating from the tangential jets just inside the plane of the 
window, increasing rotation creates a low pressure core, which effectively pulls particle-laden gases from the cavity 
into the frustum region of the reactor and deposits them at the center of the window [5]. This can also be seen in Fig. 
5, as increasing tangential flow increases the severity level, although not as sharply and to a lesser degree than with 
decreasing tangential flow. For the fixed total cavity flow rate of 400 Ln/min, it is seen that a safe operating range 
falls between a total tangential flow rate of 95 < Qtan < 135 Ln/min and a total radial flow rate of 20 < Qrad < 180 
Ln/min. Radial flow rate was found to have the less significant effect on flow severity. 
It is common to characterize rotating vortex flows by use of the non-dimensional swirl number. The swirl number 
defined at the tangential jet injection site, S, is defined below in Eq. 1, along with the swirl number at the aperture, 
Sa:  
ܵ =  ௰  ௥బ
ଶ ொ ௛ =
ொ೟ೌ೙ ௖௢௦ ఈ
ொ೟ೌ೙ାொೝೌ೏
   ,      ܵ௔ =  ஽ೌ஽ೢ ܵ   (1) 
where Ƚ is the tangential component of the tangential jets, ߁ is the circulation of the swirling flow, ݎ଴ is the 
hydraulic radius of the vortex core, Q is the total flow rate, and h is the height of the updraft. The swirl number at 
the aperture is derived from an inviscid flow approximation and thus scaled by the ratio of the aperture to window 
diameter, D௔/ܦ௪ [10]. The Reynolds number is also used to describe the auxiliary flow through the aperture of the 
reactor. Eq. 2 defines the Reynolds number and an approximation to the average gas velocity at the aperture: 
ܴ݁௔ = ఘ ௨ೌ ஽ೌఓ    , ݓ݅ݐ݄        ݑ௔ =
ସ (ொೝೌ೏ାொ೟ೌ೙)
 ஽ೌమ గ
   (2) 
where ߩ is the fluid density and ߤ is the dynamic viscosity. In this application, it is a valid assumption that the 
hydraulic diameter and aperture diameter are approximately equal [5]. In Fig. 5, the non-dimensional description of 
flow severity is plotted, indicating safe operating conditions with an aperture-normalized swirl number of 0.1 < Sa < 
0.25 and a Reynolds number at the aperture of 1250 < Rea < 2500. 
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Fig. 5. (A): Contour plot of severity level over the range of 0-200 Ln/min on the radial and tangential auxiliary gas flows, with the cavity flow 
fixed at 400 Ln/min. (B): Reynolds and swirl numbers defined at the aperture are also plotted for the same conditions. Regions below a severity 
level of 2 are indicated. 
 
 
Fig. 6. Plot of severity level against tangential flow rate, for a range of radial and cavity flow rates. Characteristic flow regimes are indicated as 
turbulent, suppression, and updraft. 
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The influence of cavity flow rate was also found to be significant. Figure 6 shows total tangential flow rates vs. 
severity level for three levels of total radial and four levels of total cavity flow rates. The most remarkable 
observation is the difference between zero cavity flow rate and a cavity flow rate of 150 Ln/min. Because the cavity 
jets are installed at a 45° tangent angle inside the cavity, use of the cavity jets adds significant rotational stability to 
the cavity region of the reactor, thus augmenting the density of particles available to be pulled into the frustum 
region of the reactor. As indicated in Fig. 6, the three regions of characteristic flow developed in the frustum region 
of the reactor were found to be “turbulent,” “suppression,” and “updraft,” defined by turbulent breakdown of the 
fluid flow, stable and fully suppressed particle migration to the frustum, and particle migration via an updraft caused 
by high levels of rotation, respectively. While it is necessary to operate inside a severity level of 2 in order to avoid 
particle deposition on the quartz window, this operating range is in fact quite broad. In addition, when operating 
inside this range and subjecting the reactor to simulated DNI fluctuations, pressure fluctuations on the outlet, and a 
full reactant feed-cycle, the flow remained fully stable and no window deposition was observed. Of particular note is 
the steep transition from the optimum operating point where stable flow fully suppresses particle migration, to total 
flow turbulence with decreasing tangential flow rate (within the space of 10 Ln/min). Although it is beyond the 
direct scope of this work, temperature gradient related effects can play a significant part in preventing the auxiliary 
flows of inert gas from protecting the window from particle deposition. 
4.2. Infrared and visual assessment of window depositions 
The characteristic flow patterns described in Section 4.1 are associated with characteristic deposition patterns. 
Using the visual and IR cameras, a characteristic center-spot deposition pattern was identified to occur when 
operating in the “updraft” regime for prolonged periods of time. A visual image (A) and IR image (B) can be seen of 
this center-spot pattern in Fig. 7 (left). In areas where depositions are present on the quartz window, the temperature 
is increased. When operating in the “turbulent” regime, a ring deposition pattern was observed. A visual (C) and IR 
(D) image of this pattern can be seen in Fig. 7 (right). Note that angular misalignment of the deposition patterns is 
due to reactor rotation while the cameras remain fixed. Further, IR temperature data has not been corrected for 
angular perspective or material characteristics, such as the emittance of the glass. 
 
Fig. 7. Left: Characteristic center-spot deposition, caused by an updraft, is shown through the visual (A) and IR (B) cameras. Right: 
Characteristic ring deposition pattern, caused by short exposure to turbulent flow condition, is shown through the visual (C) and IR (D) cameras. 
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5. Summary and conclusions 
It has been shown that effective, high-temperature, in-situ flow visualization is possible by directly visualizing 
reactant and product particles illuminated by incident concentrated solar radiation. This method has allowed for the 
direct assessment, characterization, and optimization of aerodynamic window protection inside a 100-kWth solar 
thermochemical receiver-reactor. Results from high-temperature flow visualization and window deposition 
assessment experiments indicate the existence of three operational auxiliary gas flow ranges for the reactor: (i) 
insufficient rotation, defined by an aperture-normalized swirl number of Sa < 0.1, and marked by turbulence and 
recirculation along the window surface creating a ring-type characteristic deposition pattern; (ii) excessive rotation, 
defined by Sa > 0.25, and marked by attached vortex breakdown on the center of the reactor window (similar to a 
tornado flow) which carries particles from the cavity to the center of the window; and (iii) stable vortex rotation, 
defined by 0.1 < Sa < 0.25, and characterized by total suppression of particle migration into the frustum region of the 
reactor and a completely uncontaminated quartz window. The three operational ranges correspond to what appear to 
be characteristic flow patterns for this specific reactor geometry and application. Future work is aimed at additional 
data acquisition at higher operating temperatures, on-sun testing on the stability of the described flow patterns with 
delivery of 100 kWth of solar power from a heliostat field, and the development of a descriptive theory for particle 
migration driven by temperature gradients developed between the frustum and cavity regions of the reactor. The 
influence of solar flux concentration on flow visibility is of particular interest, namely the visualization quality 
achieved with the extremely high solar fluxes in the frustum region of the reactor using the HFSS, relative to other 
forms of concentrated solar power (CSP) delivery systems, such as flat and curved heliostats. 
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